A B S T R A C T The plasma clearance kinetics of the amyloid-related high density lipoprotein (HDL) apoprotein serum amyloid protein (apoSAA) was examined in BALB/c mice by two different methods, using labeled '25I-apoSAA-rich HDL and unlabeled plasma apoSAA (clearance monitored by radioimmunoassay). The plasma half-life of apoSAA, estimated by both methods, was on the order of 75-80 min, as compared with a value of -11 h for mouse apoA-I. In tracelabeling studies, the rapid plasma clearance of both major '25I-labeled apoSAA isotypes was observed; this metabolic behavior was unique to these polypeptides among HDL apoproteins. The property of rapid plasma clearance was lost upon purification and reconstitution of '251I-apoSAA with HDL, indicating that this property is labile to denaturing conditions. Studies aimed at determining the metabolic fate of 1251_ apoSAA gave no evidence for either the selective excretion of '251-apoSAA or clearance to unique tissue sites as compared with other 251I-HDL apoproteins.
INTRODUCTION
The serum amyloid protein (12-kD apoSAA)' is a high density lipoprotein (HDL) apoprotein (1-3) having NH2-terminal amino acid sequence homology with the major polypeptide constituent (8.5 kD amyloid protein AA) of lesions present in a common form of amyloidosis (4) . It is now well established that apoSAA is an acute-phase plasma protein, exhibiting dramatic ele-vations in plasma concentration in response to a variety of disease processes and pathologic conditions (5) . Hepatic synthesis of apoSAA (6, 7) is stimulated indirectly by the potent apoSAA inducer, bacterial endotoxin, via a monocyte cell product (7) , possibly interleukin I (8) . Chronic elevations in serum apoSAA levels, associated with long-standing inflammation and infection (9) , are predisposing to amyloidosis in which a likely apoSAA fragment (amyloid protein AA) forms fibrillar deposits found in a variety of tissues (10) .
Little is known about the function of apoSAA and apoSAA-rich HDL in the host response to injury. Sim- ilarly obscure is the putative mechanism by which the altered metabolism of apoSAA leads to the formation of protein AA deposits during amyloidogenesis. To gain insight into these processes, we began studies of the metabolism of apoSAA, using a convenient and extensively studied species in amyloidosis research, the mouse. We recently presented evidence that murine apoSAA is secreted in monomeric form (11) and is associated with a subset of plasma HDL during the acute-phase response (12) . In this report we describe the results of turnover studies in which we compared the plasma clearance kinetics of mouse apoSAA with that of other mouse HDL apoproteins.
METHODS
Analytical procedures. ApoSAA concentrations were estimated by radioimmunoassay (RIA) as described in detail elsewhere (12) , using a rabbit antiserum prepared against the (8.5 kD) mouse amyloid protein AA, the immunoreactive NH2-terminal homologue of serum apoSAA (13) . Samples were preheated at 60°C for 1 h to maximize immunoreactivity of apoSAA (1) .
Total protein was estimated colorimetrically using bovine serum albumin as standard (14) .
Stimulation of mice and blood collection. 6-8-wk-old BALB/c mice were used throughout; mice were fed ad lib. Mice used to prepare plasma or apoSAA-rich HDL for clearance studies were injected intraperitoneally with bacterial endotoxin (50 yg lipopolysaccharide W from Salmonella typhi, Difco Laboratories, Detroit, MI), a procedure which routinely elevates apoSAA levels at least 50-fold that of basal levels (4±1 gg/ml), to 250-300 tig apoSAA/ml plasma at 20 h postinjection (12) . Blood (0.5-1.0 ml/mouse) was collected by cardiac puncture of ether-anesthetized mice. HDL was prepared from serum; for experiments using plasma, blood was collected in heparinized tubes. Preparation and labeling of HDL. Whole HDL (1.063 < d < 1.21 g/ml) was prepared by sequential ultracentrifugation (12) . The solution densities were adjusted to 1.063 g/ml and 1.21 g/ml by addition of solid KBr and solutions containing KBr, 0.01% Na2EDTA, and 0.05% NaN3. Preparative ultracentrifugation was performed in 6.4 ml capacity polyallomer tubes in a Beckman 50.3 Ti rotor (Beckman Instruments, Inc., Spinco Div., Palo Alto, CA) at 50,000 rpm for 18 h at 10C. Uppermost (1.5 ml) fractions were collected by careful aspiration.
Labeling with 1251 (carrier-free Na-'251, [15] [16] [17] Ci/mM; Amersham Corp., Arlington Heights, IL) was performed using the ICI method (15) as modified by Bilheimer et al. (16) . The reaction was performed at a molar I/protein ratio of <1, assuming an average protein content of 125,000 g/ mol HDL. Specific activities ranging from 3 to 10 X 105 cpm/;g protein were obtained at labeling efficiencies ranging from 10 to 40%. Unbound iodine was removed by dialysis in Spectrapor 3 tubing (Spectrum Medical Industries Inc., Los Angeles, CA), against 0.85% NaCl, 0.01 M NaH2PO4, 0.01% Na2EDTA, and 3 mM KI, pH 7.4 until the ratio of trichloroacetic acid (TCA)-precipitable to total counts was >0.97. Labeled lipids, measured by extraction at -10C with 3:2 ethanol/diethyl ether (17) , comprised <10% of the total lipoprotein-bound counts. The '251-labeled, dialyzed HDL was again centrifuged at d = 1.21 g/ml to remove contaminating or delipidated protein. Greater than 80% of the applied radioactivity was recovered in the upper quarter of the tube following this spin; >90% of the radioactivity recovered in bottom fractions was associated with albumin and non-HDL associated protein, as judged by sodium dodecyl sulfate (SDS) gel electrophoresis and autoradiography. The ultracentrifugally washed '251-HDL preparation was dialyzed against 0.85% NaCl, 0.01 M NaH2PO4, pH 7.4 (PBS), before intravenous administration to mice.
Clearance of '251-labeled HDL. 6-8-wk-old BALB/c mice were injected via the tail vein with 0.1-0.3 ml of 1251_ HDL. Mice were periodically ether-anesthetized and bled (50 gl) into heparinized capillary tubes by sampling of the retroorbital venous plexus. Small but significant dilution effects accompanying repeated bleedings were minimized by rotational sampling such that no mouse was bled more than four times in the course of an experiment. Pooled plasma samples recovered at various time intervals were spun in 6.5-ml capacity tubes for 18 h at 50,000 rpm and 10C in a Beckman 50.3 Ti rotor, following adjustment of the solution density to 1.21 g/ml. Greater than 90% of the plasma radioactivity was recovered in uppermost (1.5 ml) tube fractions, which were dialyzed in Spectrapor 3 tubing (Spectrum Scientific Corp., Newark, DE) against 0.5% acetic acid and lyophilized. The lyophilized samples were solubilized in SDS sample buffer and aliquots electrophoresed in 11.5% polyacrylamide (18 (17) 125i-apoSAA-rich HDL (3-10 X 105 cpm/bg protein) was performed in 3 X 12.5-cm cylindrical polyacrylamide gels as described by Gidez et al. (20, 12) , using pH 3.5-10 ampholytes (LKB Instruments Inc., Rockville, MD). ApoA-I and apoSAA-containing bands were located by reference to fixed, stained companion gels, and were excised, diced into small pieces, and suspended in -20 vol of 6 M guanidine/ HCl. Apoproteins were eluted by overnight incubation at 5C with low-speed vortexing, and guanidine removed by dialysis against PBS in Spectrapor 3 tubing. The dialyzed '251-apoprotein solutions were each incubated for 1 h at 37°C with 1 ml apoSAA-rich serum, prepared from endotoxintreated mice as described above. Resulting '251-apoprotein/ HDL complexes were isolated by ultracentrifugation as described above, at densities of 1.063 and 1.21 g/ml. Incorporation of 35-40% of the '251-labeled apoprotein into the HDL was achieved by this method. Following dialysis against PBS, this material was administered to mice.
RESULTS
SDS-PAGE patterns of normal (control) mouse HDL (1.063 < d < 1.21 g/ml) and HDL from serum obtained 20 h after endotoxin administration (50 ,ug S. typhi lipopolysaccharide, i.p.) are shown in Fig. 1 (a, b). A major (28 kD) polypeptide, apolipoprotein A-I (apoA-I), and several smaller molecular mass (6-10 kD) apoproteins are the principal constituents of control mouse HDL. HDL from endotoxin-treated mice contain, in addition, two mouse apoSAA isotypes (12.6-kD apoSAA1 and 11.8-kD apoSAA2), constituting -20-25% of the total HDL protein content (12) . polyacrylamide resolving gel containing 6.4 M urea was used (17) . Approximately 10 sg loaded/lane; molecular weight markers were ovalbumin (43,000-mol wt), human apoA-I (28,000-mol wt), horse heart myoglobin (17,000-mol wt), cytochrome c (12,000-mol wt), and monkey amyloid protein AA (8,500-mol wt).
The metabolism of '25I-control HDL and 1251_ apoSAA-rich HDL was studied by intravenous administration of the respective '251-labeled whole HDL preparations into two groups of mice, and the plasma clearance of radioactivity was monitored by periodic blood sampling. A comparison of the plasma clearance curves generated with '251-control HDL and 125j_ apoSAA-rich HDL indicates that these preparations are metabolically distinct (Fig. 2) . Both curves exhibited an early, rapidly clearing component between 0 and 6 h followed by a log-linear component between 6 and 48 h postinjection (points beyond 24 h not shown). Half-life estimates from the slopes of terminal components (6-48 h) of these curves are not significantly different: 13.9±2.8 (mean+SD, n = 6 experiments) for 125I-apoSAA-rich HDL and 15.1±1.4 (mean±SD, n = 3 experiments) for '251-control HDL, values similar to that reported for the closely related species, rat (21, 22) . These curves do not, however, overlap, since a greater proportion of '251-apoSAA-rich HDL was cleared from the plasma between 0 and 6 h as compared with 1251-control HDL. The rapidly clearing component constituted 50% (49+7, n = 4 experiments) of the administered 1251-apoSAA-rich HDL as compared with a value of -25% (24±6, n = 3 experiments) for 1251-control HDL, as estimated by extrapolation of the log-linear portions (6- curves to t = 0. The divergence of these curves was statistically significant (P < 0.01) for paired data points at all time intervals sampled beyond 30 min postinjection.
These differences might be accounted for by the rapid plasma clearance of one or more components present in '251-apoSAA-rich HDL but absent in 1251.
control HDL, or might alternatively be a property generally shared by all apoproteins in '251-apoSAA-rich HDL. To further examine these possibilities, the plasma clearance kinetics of individual 125I-apoproteins in '251-apoSAA-rich HDL were examined by SDS/PAGE of lipoproteins (d < 1.21 g/ml) recovered from pooled plasma samples obtained at various time intervals following intravenous administration of 125I-apoSAA-rich HDL. The percent distribution of total radioactivity incorporated into apoA-I, apoSAA, and small molecular mass (6-10 kD) apoproteins was 23±2, 24±3, and 42±4%, respectively (means±SD, n = 3 samples) for '251-apoSAA-rich HDL. After intravenous administration of '251-apoSAA-rich HDL a rapid and specific depletion of both '251-apoSAA isotypes from the pool of circulating '251-HDL apoproteins was observed (Fig. 3) . By 6-12 h postinjection, no autoradiographic bands corresponding to apoSAA isotypes were apparent.
Examination of the plasma clearance kinetics of individual 1251-apoproteins (Fig. 4) HDL apoproteins. The curve generated for apoA-I was biphasic with -45% of the 1251-apoA-I cleared during the first 3 h, the bulk of the remaining labeled species exhibiting log-linear kinetics with a plasma half-life of -11 h. Although the smaller molecular mass (6-10 kD) apoproteins were not sufficiently resolved in the gel system used to permit their individual examination, a similar curve to that generated with '251-apoA-I was obtained for the total population of '251-apoproteins in this size range. In contrast, the curve generated for 1251-apoSAA indicated rapid plasma clearance, with the majority of the '251-apoSAA lost from the plasma by 6 h. Flattening out of this curve to a log-linear form did not take place within the first 12 h after the administration of '251-apoSAA-rich HDL, although <2% of the original plasma activity found in gel slices containing '251-apoSAA remained at this time. Close examination of grossly overexposed autoradiograms indicated that the small amount of residual radioactivity present in this region of the gel at 12 h was largely associated with a polypeptide of slightly lower electrophoretic mobility than '251-apoSAA,, rather than a subpopulation of slower-clearing 1251-apoSAA. The close proximity of this "contaminating" band to apoSAA1 did not allow their separation by densitometric methods; therefore, measurements of radioactivity in gel slices at 12 h (and beyond) did not accurately reflect '251-apoSAA content per se. A provisional estimate of the 1251-apoSAA clearance rate by linear regression analysis of points obtained at 0-6 h was -85 min; -95% of the applied dose was cleared during this interval.
One possible route of rapid '251-apoSAA clearance, via urinary excretion, was examined. Urine samples taken at 0.5, 1, 3, 6, and 12 h after administration of 1251-apoSAA-rich HDL were tested for the presence of TCA (10% wt/vol)-precipitable polypeptides. At all time intervals tested, >99% of the urine radioactivity was TCA-soluble; furthermore, no TCA-soluble 1251_ apoSAA polypeptides were detected by immunoprecipitation with antiserum prepared against mouse amyloid protein AA. In another experiment in which mice were confined in metabolic cages, -70±9% (n = 3) of the radioactivity lost from the plasma during the first 12 h following administration of '251-apoSAArich HDL was recovered in urine and feces. These results show that although the bulk of the plasma radioactivity was excreted, there was no evidence indicating the selective urinary loss of '25I-apoSAA or '5I-apoSAA fragments.
A possible explanation for the rapid plasma clearance of 1251-apoSAA observed in the experiments dePlasma Clearance of the Serum Amyloid Protein scribed above is that apoSAA is uniquely susceptible among HDL apoproteins to labeling artifact. Alternatively, rapid plasma clearance might be due to the susceptibility of apoSAA to denaturing conditions involved in the preparation of HDL (e.g., high salt concentrations and prolonged ultracentrifugation). Experiments aimed at addressing these possibilities were performed, in which freshly isolated plasma, highly enriched in apoSAA, was administered to normal mice and apoSAA clearance monitored by RIA. 200-300 ,Ml of donor plasma, containing >300 Mg apoSAA/ml was collected and immediately (within 3 h) injected intravenously into normal syngeneic mice, a procedure that elevates apoSAA levels >20-fold in recipients. The plasma clearance of apoSAA in recipient mice, monitored by RIA, exhibited monoexponential kinetics through 3 h postinjection, with a plasma half-life of -72 min (Fig. 5) . These experiments clearly indicate that rapid plasma clearance of apoSAA observed in trace-labeling experiments does not result from labeling or preparative artifact but is instead a property of freshly obtained, unpurified, and unlabeled apoSAA.
The unique metabolic behavior of apoSAA observed in the experiments described above led us to inquire about the tissue sites to which apoSAA is cleared and whether these sites are similar to those observed for other HDL apoproteins. To study the metabolic fate of individual apoproteins, we initially used a modification of the method originally described by Shepherd et al. (23) to study apoprotein turnover, in which whole 100.01\ Time, h FIGURE 6 Plasma clearance rates of HDL-reconstituted 1251-apoproteins. Purified '251-apoA-I (0) and 1251-apoSAA (0) were reconstituted with whole (unlabeled) apoSAA-rich HDL and administered intravenously to mice. Points represent mean values for three samples.
(unlabeled) HDL is reconstituted with purified 1251 apoproteins and administered intravenously. In these experiments we compared the metabolic behavior of HDL-reconstituted '251-apoA-I and '25I-apoSAA. In contrast to those obtained using '251-apoSAA-rich HDL, the plasma clearance curves generated using HDL-reconstituted '25I-apoSAA and '251-apoA-I ran in parallel, indicating plasma half-lives of -9.7 and 10.5 h, respectively (Fig. 6) . The plasma half-life of reconstituted 1251-apoA-I approximated that measured for '25I-apoA-I using '251-apoSAA-rich HDL (11 h Since purified, HDL-reconstituted 1251-apoSAA did not exhibit a similar clearance rate when compared with either that of native (unlabeled) apoSAA or 125I-apoSAA in '251-apoSAA-rich HDL, an alternative approach to studying the metabolic fate of apoSAA was used. Our previous experiments had indicated that 1251._ apoSAA accounted for -50% of the cleared radioactivity during the 1st h (estimated from the raw data, Fig. 4 ) but was of negligible contribution for intervals beyond 12 h (assuming a plasma half-life of 85 min). We therefore compared the tissue distribution of 1251 during the period of rapid clearance (1 h), during the log-linear clearance phase (24 h), and at the transition between these periods (6 h), following intravenous administration of 1251-apoSAA-rich HDL. Approximately 9, 6, and 2% of the administered 1251 dose was localized in the major organs studied at 1, 6 , and 24 h, respec-6.01 ._ -oc tively. The tissue distribution of label was similar at all time intervals studied (Fig. 7) and comparable to that reported for rat HDL (21, 22) , with liver, and to a lesser extent intestines, being major organs of 125I. apoprotein uptake. We observed no difference in the organ distribution of radioactivity at 1, 6, and 24 h; thus, although -95% of the administered apoSAA in 1251-apoSAA-rich HDL is cleared from the plasma within 6 h, we found no evidence that the metabolic fate of label cleared within this time frame (1, 6 h) differed from that cleared later (24 h). DISCUSSION The observation that apoSAA is associated with HDL (1-3) has led us to examine the structural and metabolic aspects of this relationship in detail. We have elsewhere reported that apoSAA is bound to a subset of HDL particles containing apoA-I (12), following secretion of apoSAA monomer by hepatocytes (11) . In this context, studies of the metabolism of apoSAA-rich HDL are appropriate for two reasons. Virtually nothing is known about the biologic properties of apoSAArich HDL during the acute-phase response. Also, the altered metabolism of apoSAA may be important in the formation of amyloid protein AA deposits during the pathogenesis of amyloidosis.
Results of trace labeling experiments clearly indicate that the metabolic behavior of both apoSAA isotypes is unique among HDL apoproteins to these polypeptides. For example, -95% of the total '251-apoSAA is cleared from the plasma by 6 h after intravenous administration of '251-apoSAA-rich HDL, giving a provisional half-life estimate of -85 min, as compared with 11 h for apoA-I. We note that this is an approximation from a limited number of data points and that factors contributing to initial clearance rates include the rapid turnover of denatured species and pool mixing with extravascular compartments. It is pertinent in this context that our estimate of '251-apoA-I clearance rate in the mouse is similar to that reported for rat HDL and apoA-I (21, 22) .
Compelling evidence that rapid apoSAA clearance is a property of the native molecule (rather than experimental artifact) was obtained in experiments in which to normal mice were administered fresh apoSAArich plasma and clearance of the administered dose was monitored by RIA. The clearance kinetics of the administered apoSAA was monoexponential through 3 (2) , and rabbit plasma (3) (similar monkey HDL apoproteins have been reported [25] ). The lipid-binding characteristics of apoSAA were originally predicted from studies indicating that the human apoSAA NH2-terminal homologue, amyloid protein AA, contains two domains capable of forming amphipathic a-helical segments (26) . It remains to be determined whether rapid apoSAA clearance is a property common to species other than the mouse and whether this metabolic behavior is specified by a particular structural domain within the molecule.
The induction of hepatic apoSAA synthesis (6, 7, 27 ) by a macrophage-derived factor (7, 8) in response to bacterial endotoxin, the specific association of apoSAA with the HDL (1, 2, 11, 12) , and the rapid plasma clearance of apoSAA reported here, implicate the involvement of apoSAA and apoSAA-rich HDL in an as yet undefined role in the acute-phase response. Interesting in this context are reports that bacterial endotoxins bind specifically to the HDL in vitro (28) and in vivo (29) . Ulevitch et al. (28) showed that an alteration of certain physical and biologic properties of endotoxin occurred as the result of this interaction. This leads one to consider the possibility that apoSAA is involved in a response to endotoxin at the HDL particle surface. Apolipoproteins are known to function as cofactors in enzymatic processes, as signals for specific binding to cell surface receptors, and as determinants of lipoprotein particle structure (30) . Further studies are required to determine the involvement of apoSAA in one or more of these capacities.
The massive extracellular deposits of amyloid protein AA fibrils that accumulate in various tissues during the progression of amyloidosis are generally thought to arise as the result of altered apoSAA metabolism. It is interesting, in this context, that spleen and kidney, major organs of amyloid protein AA deposition do not appear to be principally involved in the uptake of 1251_ apoSAA-rich HDL, as evidenced here. Our present findings emphasize the need for a detailed examination of apoSAA metabolism during the progression of amyloidosis and indicate that measurements of apoSAA concentration may inadequately reflect the rate of apoSAA production when compared with the plasma content of proteins having considerably longer halflives in the circulation.
